Abstract
way to think about how catastrophe occurs.
133

Results
134
A two-state model for microtubule dynamics fails to capture the weak concentration- 2016), (iii) the αβ-tubulin dissociation rate for a given subunit determined by the total 155 sum of free energies of all longitudinal and lateral inter-dimer interactions with other 156 subunits, (iv) the association rate into a given site does not depend on the tip 157 configuration, and (v) GTP hydrolysis occurs at the inter-dimer interface, meaning 158 that GTP cannot be hydrolyzed on the most terminal subunit of any protofilament 159 (Fig 1B) . In these kinds of models, catastrophe and rescue occur 'naturally' (Fig. 1C 
166
To obtain model parameters that could recapitulate MT elongation and shrinking 167 rates and approximate the frequency of catastrophe, we followed the divide-and- 
169
We trained our model on recent data that reported growth rates, shrinking rates, and (Fig. 1D) . With those parameters fixed, we optimized the 174 weakening effect of GDP on the longitudinal interface by tuning it to make "all-GDP" 175 microtubules depolymerize at the observed average rate of post-catastrophe 176 shrinking (Fig. 1E) . With that new parameter also fixed, we refined the GTPase rate 177 to produce the correct frequency of catastrophe (Fig. 1F) . These parameters are not 178 perfectly independent from each other, so we applied this approach iteratively (see 179 Methods). For generality, we also trained our model against 'classic' measurements 180 of MT dynamic instability (Walker et al., 1988) , where relative to (Gardner et al., concentration dependence of catastrophe frequency were observed (Supp. Fig. 1 ).
183
As observed in earlier studies, the predicted catastrophe frequency varies much describes the strength of a longitudinal contact when GDP.P i is at the interface, and 201 the other that describes the rate of P i release ( Fig. 2A) . to be identical to the GDP interface yields a model that is functionally identical to the 209 two-state model. Whether GTP-like, GDP-like, or in between, the strength of the 210 GDP-P i interface has little effect on predicted growth rates (Fig. 2B) trained GTPase rates and the strength of the GDP-P i interface, whether GTP-like,
220
GDP-like, or in between, had little effect on the predicted growth rates (Fig. 2B) .
221
Keeping the ratio of hydrolysis rate and the release rate same, the predicted 222 concentration dependence of catastrophe frequency does not substantially improve 223 (Fig. 2C ).
224
We then used a grid search approach to explore how changing the ratio between the
225
GTPase rate and the phosphate release rates affects the concentration dependence 226 of catastrophe. We fixed the rate of phosphate release to be 10 times faster or 227 slower than the rate of GTPase and varied the strength of the GDP.P i interface (with 228 re-training of the GTPase rate as described above) as before. In both cases, these (and hence conformation) dissociates more quickly than it would otherwise (Fig. 3A) .
256
Due to these changes, the 'nearest-neighbor affinity modulation' model has only one 257 additional parameter: the fold-faster dissociation rate for αβ-tubulin with a lateral in hydrolysis rate. We set this neighbor dependent GTPase modulation to increase 285 the rate by factors of 1, 10, 100, and 1000. When the fold increase in hydrolysis rate 286 is 1, the GTPase hydrolysis model is functionally identical to the two-state model.
287
The new parameter did not substantially affect predicted growth rates ( 
293
We observed similar trends in fits to the other dataset we trained our model against closer look at the sequence of events that led to catastrophe in our different models.
375
In all models, MT growth always paused (defined as a transient growth rate less 376 than 25% of the average MT elongation rate) for a short time before undergoing a 377 catastrophe (Fig. 6A) . Similar pausing/slowdown has been observed in experiments (Fig. 6B) . We quantified the "growth-to-pause" 389 frequency and the "pause-to-catastrophe" probability from simulation outputs of the 390 2-state model; their product faithfully reproduced the frequency of catastrophe (Fig.   391   6C) . Thus, transient pausing is necessary but not sufficient for catastrophe, and we 392 can decompose catastrophe into two separate steps.
393
If the catastrophe frequency is the product of the growth-to-pause frequency and the 394 pause-to-catastrophe probability, then the concentration dependence of the 395 catastrophe frequency must also stem from the concentration dependence of its 396 components. To determine if the concentration dependence can be attributed to the 397 growth-to-pause frequency, the pause-to-catastrophe probability, or both, we first 398 measured the growth-to-pause frequency and the pause-to-catastrophe probability 399 as functions of tubulin concentration in the two-state model. Both the growth-to-400 pause frequency and the pause-to-catastrophe probability depended strongly on αβ-401 tubulin concentration (Fig. 6C) .
402
We then examined how different models affected the concentration dependencies of 403 growth-to-pause frequencies and pause-to-catastrophe probabilities relative to the 404 baseline provided by the two-state model (Fig. 6D) This should not be surprising, because we intentionally chose the simplest (least , but the underlying mechanism was not specified.
493
The apparent importance of long-range cooperative/allosteric effects suggests that stabilize.
558
The GDP.P i model
559
We incorporated a third intermediate state into our model, by including GDP.P i . This
560
'GDP.P i model' inherits the two-state model's properties described above with some 561 modifications. In this model, GTP is first hydrolyzed to GDP.P i then the P i released at 562 a set rate to form GDP. We assumed that the P i is released immediately when shrinking rates due to the modification were negligible.
574
The affinity modulation models
575
As before, the affinity modulation models inherit the two-state model's properties 576 described above with some modifications. In the nearest-neighbor affinity modulation The concentration-dependence is defined as the ratio of catastrophe frequencies at 9 µM and 12 µM. The concentration dependence of the catastrophe frequency is at its lowest when the ratio between the hydrolysis and release is 1:1 and the strength of the longitudinal interface with GDP-P i is as strong as the interface with GTP. A model that incorporates nearest-neighbor modulation of the strength of lattice contacts. (A) Cartoons illustrating the differences between models without (top) and with (bottom) the nearest-neighbor αβ-tubulin affinity modulation. Allowing the αβ-tubulin affinity modulation requires one additional parameter: a fold-increase in αβ-tubulin dissociation rate due to the nearest-neighbor influence. (B) Comparison between measured (black circles) and predicted (blackest line corresponds to 1-fold increase in dissociation rates and the greenest corresponds to the 7.8-fold increase) growth rates. All four scenarios can recapitulate observed growth rates. (C) Predicted catastrophe frequency as a function of concentration for different fold-increases in αβ-tubulin dissociation rate. Varying the magnitude of αβ-tubulin dissociation modulation has a limited effect on the concentration dependence of the catastrophe frequency. A model that incorporates long-range modulation of the strength of lattice contacts. (A) Cartoons illustrating the differences between models without (top) and with (bottom) the long-range αβ-tubulin affinity modulation. Allowing the αβ-tubulin affinity modulation requires two additional parameter: a fold-increase in αβ-tubulin dissociation rate due to the nearest-neighbor influence and the maximum range of modulation. (B) Comparison between measured (black circles) and predicted (blackest line corresponds to the modulation range of 0 and the greenest corresponds to the modulation range of 4) growth rates. All five scenarios can recapitulate observed growth rates. In this plot the dissociation rate of the modulated αβ-tubulin is increased by 7.8-fold. (C) Predicted catastrophe frequency as a function of concentration for different maximum range of modulation. Varying the maximum range of modulation has significant effect on the concentration dependence of the predicted catastrophe frequency. The dissociation rate of the modulated αβ-tubulin is increased by 7.8-fold. . "Growth-to-pause" frequencies and "pause-tocatastrophe" probability defined in terms of the reaction rates to the elementary processes (bottom). (C) The plot of "growth-to-pause" frequencies (top left), "pause-tocatastrophe" probabilities (top right), and the catastrophe frequencies (bottom) as functions of αβ-tubulin concentrations in two-state model. The multiplicative product (black line, bottom plot) of the "growth-to-pause" frequencies and the "pause-tocatastrophe" probabilities match the value of the predicted catastrophe frequency (gray dashed line, bottom plot). (D) The concentration dependencies of the "growth-to-pause" frequencies and the "pause-to-catastrophe" probabilities of different models normalized to two-state model. Here, we defined the concentration dependence as the ratio of the "growth-to-pause" frequencies or the "pause-to-catastrophe" probabilities at 9 µM over 12 µM.
